Reversible control of the spin state of an organic molecule is significant for the development of molecular spintronic devices. Here, density functional theory calculations have been performed to study the adsorption of atomic nitrogen on a single manganese phthalocyanine (MnPc) molecule, three,layered MnPc, and MnPc on an Fe(100) surface. For all three cases, the N atom strongly adsorbs on the top of the Mn atom and induces a significant variation of the geometric, electronic and magnetic properties. After N adsorption, an energy gap appears and the electronic states become unpolarized. Different functionals including three hybrid functions are used in these calculations, and all yield the switchable spin state.
I. INTRODUCTION
Metal phthalocyanine (MPc) and metal porphyrin (MPP) molecules are organometallic molecules that have a planar geometry with unsaturated coordination. Reversible control of a spin state at a molecular level is of great interest due to the wide range of potential applications that rely on such a phenomenon, especially single,molecular devices and spintronic devices. 1, 12 Due to the activity of the metal center, external chemical stimuli are often used to modify the electronic structure and the molecular spin state. 9,10, 13 The spin of a MnPc molecule on a Bi(110) surface has been found to reduce from S=1 to S=1/2 through adsorption of a CO molecule, as observed using a combination Page 1 of 18 Physical Chemistry Chemical Physics of scanning tunneling microscopy (STM) and density functional theory (DFT) calculations.
Further work has shown that the adsorption of a NO molecule switches off the spin state of a metal porphyrin molecule, cobalt,tetrapheylporphyrin (CoTPP), on a Ni(001) surface. 9 Most previous studies have focused on the coordination of small molecules although the coordination of single atoms is also essential, not only for revealing the elementary chemical binding mechanism, but also for manipulating the spin state at the atomic scale in spintronic devices. Atomic nitrogen adsorption has been experimentally studied on many metal surfaces, and is known to significantly modify geometric and electronic properties, for example, by decreasing the work function the W(100) surface, 15 inducing a lower,symmetry reconstruction of a Cu(100) surface, 16 or through the formation of surface,nitride,like Fe 4 N. 17 Recently, Zhang . reported scanning tunneling spectroscopy (STS) and photoelectron spectroscopy measurements that showed the electronic structure of the center Mn atom in MnPc to be greatly modified upon N atom coordination. 1 Despite the above studies, the effect of N adsorption on the spin state of MnPc molecules has received much less attention and needs further investigation. This is particularly true when considering that most recent reports have focused on controlling the spin state of a single MPc molecule on a specific substrate 9, 14 . A spin switch is not a suitable possibility for all substrates since the influence of the adsorbed MPc often differs considerably depending on the underlying surface. For example, the magnetic moment of the central Mn atom in a MnPc molecule is nearly preserved on a Cu(001) surface but significantly reduced on Co(001), Au(111), and Bi (110) substrates. 10, 13 Magnetic quenching of a CoPc molecule also occurs when it adsorbs on a Au (111) surface. 14 With this in mind, it is important to find a universal way to switch the spin state of MPc molecules, not only on weakly,coupled substrates but on strongly,interacting ones as well. 28 , and PBE0 29 . In GGA+U method, the value of " should be carefully chosen due to the calculated spin states of MPc can be varied by using different " values. 33 As discussed in our previous study, an effective " value (3 eV) for the Mn atom has been determined by comparison of the energy levels and ordering of the molecular orbitals for MnPc calculated at diJerent " values (from 2 to 8 eV) referenced using the results from the HSE06 or PBE0 hybrid functionals, because these can provide better agreement with the experimental results.
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III. RESULTS AND DISCUSSION
The stacking geometry of CoPc multilayers on a Pb substrate has previously been observed by Chen . using STM. 30 Here, the same stacking geometry as that of CoPc is adopted for 3MnPc. MnPc is known to be a magnetic molecule with the magnetic moment of the Mn atom larger than 3.0 µ B . For N,adsorbed MnPc, the magnetic moment of the Mn atom is initially set as 4.0 µ B . It gradually decreases to zero during the self,consistent field (SCF) calculation through GGA, indicating a magnetic quenching due to N adsorption. Similar magnetic quenching has been reported by Nguyen . in NO,adsorbed MnPc using GGA calculations. 31 However, our recent investigation indicates that the magnetic moment of the Mn atom is zero when calculated using GGA but still larger than 3.0 µ B when GGA+U and hybrid functionals of HSE, PBE0, and B3LYP are used for NO,adsorbed MnPc. 32 It is possible that GGA predictions lead to a misrepresentation of geometric, electronic and magnetic properties of 
A negative value of 6 & is obtained for all five functionals, indicating that the low spin configuration is energetically favorable. For this spin state, the magnetic moments of the adsorbed N and the Mn1 atom at the topmost layer of 3MnPc decreases to zero (Fig. 2b) . In contrast, the variation of the magnetic moment of Mn2 at the middle layer and Mn3 at the bottom layer are very small (Fig. 2b) . The negligible variation can be attributed to the weak interaction between neighboring layers, indicated by their typical van der Waals layer distance which is 3.352 Å between the topmost and middle layers and 3.184 Å between the middle and bottom layers. After N adsorption on the single MnPc, an obvious energy gap can be observed between the highest occupied state and the lowest unoccupied state (Fig. 3b) . The gap calculated using GGA+U is larger than that for GGA but smaller than those for the hybrid functionals. Such a trend for the different functionals is common for molecules and semiconductors. Unlike the free MnPc, the orbital ordering of Mn in N,adsorbed MnPc is in agreement for both the GGA and GGA+U methods and the three hybrid functionals (Fig. 3b) Hybrid functionals are not used due to the computational limitation and metallic substrate. All results discussed below are based on calculation through the GGA+U method. Before N adsorption, the central Mn atom strongly hybridizes with the underlying Fe atom and the electronic states are spin polarized (second panel of Fig. 3d ). 23 The 5& orbitals at ,0.8 eV and (Fig. 3d) .
Charge density maps along the [100] direction are plotted in Fig. 4 to visualize the bonding between MnPc and the Fe(100) substrate as well as the adsorbed N atom. Before N adsorption, the charge density between the Mn atom and the underlying Fe atom is condensed, indicating a strong interaction (Fig. 4a) . This is consistent with the short bond length of Mn,Fe (2.592 Å) and prominent DOS composed of 5& orbitals close to the Fermi level. After N adsorption, the charge density between Mn and Fe is very sparse and the isosurface becomes invisible under the same threshold value (Fig. 4b) indicating considerable weakening of the Mn,Fe bond.
This agrees with the substantial elongation of the Mn,Fe bond (3.062 Å) after N adsorption.
On the contrary, no significant variation is found for the charge density between the Pc macrocycle and the substrate. In the region of the adsorbed N and Mn, very dense charge can be observed indicating strong hybridization. Such a strong interaction is also indicated by the short bond length of N,Mn (1.529 Å) which is much smaller than that of N1,Mn (2.030 Å) in
MnPc.
Differential charge density is shown in Fig. 5 
In the differential charge density map, yellow/blue represents the increase/decrease of the electron density. Electron transfer primarily occurs between the adsorbed N and the bonded Mn atom. In total, electrons are donated from the Mn atom to the adsorbed N atom (Fig. 5a) , forming a strong bond between them. However, as indicated by blue color in Fig. 5b , an apparent decrease of the spin,up electron density can be observed around the adsorbed N atom. Conversely, the yellow color in Fig. 5c around the same region demonstrates a substantial increase of the spin,down electron density of the adsorbed N atom. A similar phenomenon is observed along the vertical direction around the central Mn atom. Namely, the variation of the charge density is opposite for spin up and spin down electrons around the adsorbed N atom and the 5& orbital of the Mn atom.
This indicates that besides the process of electron transfer from the underlying Mn atom to the adsorbed N atom, the electron redistribution between different spin configurations is also 
